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Abstract
The evolution of Europa’s water-product exosphere over its 85-hour day, based on current models, has not been shown to exhibit any
diurnal asymmetries. Here we simulate Europa’s exosphere using a 3-D Monte Carlo routine including, for the first time, the role of
Europa’s rotation on the evolution of exospheric molecules tracked throughout the orbit. In this work we focus on understanding the
behavior of a single atmospheric constituent, O2, sputtered by a trailing hemisphere source with a temperature-dependence under
isotropic plasma conditions as also modeled by previous works. Under rotation, the O2 is also subject to the centrifugal and Coriolis
forces in addition to the standard gravitational forces by Jupiter and Europa in our model. We find that the O2 component, while
global, is not homogeneous in Europa local time. Rather, the O2 consistently accumulates along the direction of Europa’s rotation
at the dusk hemisphere. When rotation is explicitly excluded in our simulations, no diurnal asymmetries exist, and any accumulation
is due to the prescribed geometry of the sputtering source. We find that the assumed thermal-dependence on the O2 source is critical
for a diurnal asymmetry: the diurnal surface temperature profile is imprinted on to the near-surface O2 atmosphere, due to small hop
times for the non-adsorbing O2, which then effectively rotates with Europa. Simulation tests demonstrate that the diurnal asymmetry
is not driven by the thermal inertia of the ice, found to have only a weak dependence (< 7 %). Altogether, the various test cases
presented in this work conclude that the dusk-over-dawn asymmetry is driven by Europa’s day-night O2 cycle synchronized with
Europa’s orbital period based on our model assumptions on O2 production and loss. This conclusion is in agreement with the recent
understanding that a non-adsorbing, rotating O2 source peaking at noon will naturally accumulate from dawn-to-dusk, should the
O2 lifetime be sufficiently long compared to the orbital period. Lastly we compare hemispherically-averaged dusk-over-dawn ratios
to the recently observed oxygen emission data by the Hubble Space Telescope. We find that while the simulations are globally
consistent with brighter oxygen emission at dusk than at dawn, the orbital evolution of the asymmetries in our simulations can be
improved by ameliorating the O2 source & loss rates, and possibly adsorption onto the regolith.
Keywords: Exospheres, O2, Atmospheres, Aurorae
1. Introduction
Europa’s molecular oxygen is of keen interest as it has been
suggested to be a possible source of ∼ 0.1- 100 kg/s of O2
(Johnson et al., 2003 ; Hand et al., 2007; Greenberg, 2010) to
Europa’s putative saltwater ocean, thought to have a chemistry
analogous to Earth’s oceans (Vance et al., 2016). This range of
oceanic source rates can in principle be connected to the pro-
duction and dynamics of the tenuous oxygen atmosphere, or
exosphere, which we simulate in this work.
The origin of Europa’s water-product exosphere is ultima-
tely linked to its neighboring satellite Io. Since the Voyager spa-
cecraft first confirmed the presence of energetic ions trapped in
the Jovian magnetosphere, the exosphere has been modeled to
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be predominantly generated by the bombardment of oxygen and
sulfur ions ultimately sourced by Io’s extreme volcanism (Pea-
le et al., 1979). These energetic ions both electronically exci-
te and impart significant momentum to the water molecules in
Europa’s surface triggering dissociation and chemistry (John-
son et al., 2013). The energy released by these processes leads
to the ejection, or sputtering, of water-products: primarily H2O,
H2, O2, and trace amounts of OH, H, O, and H2O2, which then
populate the exosphere. We focus here on a single component:
the molecular oxygen, to isolate our discussion to the orbital
evolution of the neutral exosphere. In particular, we focus on
the observed near-surface component (Hall et al. 1998) derived
to have a variable column density between 2 − 14 × 1014 O2
cm−2 at an altitude below 400 km. The origin and fate of this
O2 (Johnson et al. 2018), as well as a comprehensive overview
of Europa’s global exosphere (Plainaki et al. 2018) has been re-
cently reviewed.
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In order to focus primarily on the influence of rotation on
Europa’s near-surface atmosphere, we employ a ballistic, 3-D
Monte Carlo Exosphere Global Model (EGM: §2 ). The EGM
simulates Europa’s neutral exosphere as it orbits Jupiter in Eu-
ropa’s rotating frame (EphiO). The neutral O2 exosphere is go-
verned by various physical processes illustrated in Fig. 1. The
simulations demonstrate how Europa’s near-surface O2 exosp-
here behaves in the absence of detailed knowledge of influences
such as the putative H2O plumes (Roth et al. (2014b); Roth et al.
(2014a); Sparks et al. (2016); Teolis and Waite (2016) ; Sparks
et al. (2017)) and the near-surface plasma conditions. Although
such uncertain effects could be adjusted to fit the observations,
here we focus on the neutral dynamics, the effect of the source
distribution, and the rotation. Our work includes the influence
of Europa’s rotation on the near-surface O2 exosphere for the
first time. The simulations are carried out in Europa’s rotating
reference frame, where the Coriolis and centripetal forces act
on the exospheric molecules under a gravitational potential dic-
tated by both Europa and Jupiter’s gravitational fields.
2. Europa Exosphere Global Model
Europa’s water product exosphere is simulated here by trac-
king representative particles (H2O, H2, O2, OH, H, and O) in a
rotating, non-inertial reference frame, in spherical coordinates
(r, θ, φ), centered on Europa and extending up to ∼ 15REu. We
employ a parallelized Monte Carlo routine which is the core of
the Exosphere Global Model (EGM). The numerical routines
are similar to those described in detail in Turc et al. (2014), as
well as in a companion paper on Ganymede’s orbital evolution
(Leblanc et al., 2017), where the collisionless Boltzmann equa-
tion is solved for an imposed function distribution at the surface
fi, for a species i, a velocity v, and the acceleration due to gra-
vity g = GMEur3 r, where r is the radial distance from Europa’s
center . For a more detailed description of the EGM we refer
the readers to Turc et al. (2014) and Section 2.2 of Leclercq
(2015). In the EGM we eject ∼ 107 test particles from Euro-
pa’s surface following known energy and angle distributions,
f (E, θ) as described later (§2.1). These test particles are on ba-
llistic (collisionless) trajectories, and can escape, stick, and be
re-emitted from the surface depending on their properties as
indicated in Fig. 1. The fate of ions is not considered in this
work. In the case of O2, we track its interaction with the sur-
face and account for electron and photon induced dissociation
as well as ionization. Following dissociation, we also track the
O formed. This procedure is carried out until a steady state O2
exosphere is achieved. Steady state in our simulations is achie-
ved when the computed thermodynamic quantities change by
less than 10 % from one orbit to the next for any orbital posi-
tion. These thermodynamic quantities are calculated based on
the statistical weights of each test particle: Wi = Φi Acell Nidt
. Here Φi is the flux of ejected test particles, Acell the area of
the grid-cell, Ni is the number of time steps between each test
particle ejection, and dt is the time step between two successive
positions of the test-particles, chosen so that these two posi-
tions are within one cell or two nearby cells. After a sufficient
number of time-steps to achieve approximate steady state, the
average number density 〈n〉, temperature 〈T 〉, and velocity 〈v〉
are calculated in each cell on a spherical grid, and at seven or-
bital positions, φobs the sub-observer longitude of the satellite
defined as φobs = 0◦ when Europa is in eclipse behind Jupiter.
In our analysis, we display the calculated densities at seven sub-
observer longitudes: φobs = 0◦, φobs = 20◦, φobs = 90◦ (sunlit
leading), φobs = 150◦, φobs = 210◦, φobs = 270◦ (sunlit trai-
ling), and φobs = 340◦ . To improve statistics, these quantities
are reconstructed on intervals spanning six degrees in orbital
longitude, around each orbital position, corresponding to a to-
tal of 1.4 hours.
2.1. Sputtering.
The O2 exosphere is thought to be produced primarily by
ions originating in the Io-plasma torus. The torus, composed
predominantly of sulfur and oxygen ions trapped in Jupiter’s
magnetic field rotates, on average, seven times as fast as Euro-
pa, with the plasma primarily impacting Europa’s trailing he-
misphere in the corotation direction (+x). Evidence for prefe-
rential bombardment of the trailing hemisphere by heavy ions
has been observed by the Galileo Near-Infrared Mapping Spec-
trometer (NIMS) (Carlson et al., 1999). Following (Leblanc
et al., 2002), we model the effective ion flux Φe f f , onto Eu-
ropa’s trailing hemisphere as diminishing with the corotation
longitude φ′:
Φe f f (φ′) =
Φi
4pi
cos(
1
2
(φ′ − pi)) (1)
Where the planetary longitude is 90◦ out of phase with the
corotation: φ = φ′+pi/2. Molecules are ejected from the trailing
surface by the energy and momentum deposited by the incident
ion flux Φi in the water ice regolith. Here we use sputtering rates
summarized in Cassidy et al. (2013) to discuss the fate of the
oxygen component. We note that plasma diversion can affect
the incoming flux of all ions and electrons, and thus the exact
sputtering rates are still uncertain at present (Cassidy, 2016).
In Cassidy et al. (2013) both the hot and thermal components
of the incident plasma are accounted for as well as the rego-
lith porosity, assuming the surface is primarily pure water ice.
Cassidy et al. (2013) construct a temperature-dependent yield
as the number of molecules ejected per incident ion based on
Fama et al. (2008) and Johnson et al. (2008):
Y(T0)i = Y0(1 + qi e
−0,06eV
kT0 ) (2)
In Equation 2, T0 is the local surface temperature, Y0 the
yield at low temperature, and qi scales the temperature depen-
dence of the yield for a species i. For the total yield given, in
terms of equivalent water molecules, qH2O= 200. The globally
averaged O2 ejection rate also depends on the surface tempera-
ture of the ice, with qO2 = 1000, empirically derived from ex-
tensive laboratory data described in (Teolis et al. (2010); Teolis
et al. (2017)), is 1026 O2 s−1, with an H2 yield that is twice this
2
Figura 1: Top-down geometry of the simulation domain and associated physical processes at a sub-observer longitude of φobs = 90 deg, corresponding to the sunlit
leading hemisphere. The O2 ejection flux due to sputtering, highlighted by the red vector Φ0, dominates ejection at the sub-plasma point against the ram direction
of the plasma, following Equation 1. The ejected O2 is assumed to be thermalized to the local surface temperature and is subject to dissociation and ionization.
Adsorption, or sticking, is indicated in violet.
rate. (Cassidy et al., 2013) then estimates a globally averaged
sputtering rate: 2 · 1027 H2O s−1, of which the primary ejecta
are H2O, H2, O2 with trace amounts of O, H, OH.
The energy distribution, f (E), of the ejected particles is mo-
deled according to the species in question. The H2O, OH, O,
and H are assumed to follow a water-ice sputtering distribution,
based on the heavy ion (E ∼ keV) sputtering of H2O ice (John-
son, 1990):
f (E)S putt ∼ EU
x
(E + U)2+x
(3)
where x = 0.7, and the effective surface binding energy U =
0.052 eV. The highly volatile molecular species O2 and H2 are
produced by radiolysis. As the energetic ions penetrate the ice,
they break bonds leading to chemistry and the temperature de-
pendent formation of H2 and O2. The initial ejection energy of
O2 (and H2) can also be described by Equation 3 using x = 0
and U = 0.015 eV (Johnson, 1990). We refer to this distribution
as f (E)U2 in this work. After the first ejection, those molecu-
les returning to the surface can either react or are subsequently
thermally desorbed so that their ejection speeds are roughly de-
termined by a Maxwell Boltzmann (MB) distribution at the sur-
face. The Maxwell Boltzmann speed distribution, accurate for
a localized point is given by:
fMB(v)dv = 4pi
(
m
2pikbT0
)3/2
v2exp
(−mv2
2kbT0
)
dv (4)
This distribution applies since the desorbed molecules undergo
multiple interactions with the surface, which we model to be
fast relative to the production of a new O2, and are thus in local
thermodynamic equilibrium with the surface ice, with an avera-
ge energy, 32kbT0.
2.2. Surface Temperature
The effective temperature of the surface ice, T0 is defined
by radiative equilibrium. In our model, we consider a slab of ice
with conductivity κT = 2.52 × 102 erg cm−1 K−1 s−1 (Abramov
and Spencer, 2008), and calculate the equilibrium temperature
across the surface, over latitude θ and planetary longitude φ:
F,1AU (1 − A)
R2
cosθcosφ = εσT 40 − κT
∂T
∂r
(5)
F,1AU is the total solar irradiance in erg s−1 cm−2 at 1 AU, R
the orbital distance in AU, and σ the Stefan-Boltzmann cons-
tant. The albedo, A, is assumed to vary linearly with φ between
0.65 on the leading hemisphere and 0.45 on the trailing, appro-
ximating the most recent interpretation of Galileo PPR results
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(Rathbun et al., 2014). The emissivity of the ice, ε, is set at
0.96. A small correction for the latent heat of sublimation is in-
cluded (Abramov and Spencer, 2008). Endogenic heatflow, as
estimated by Spencer et al. (1999) with an upper limit of 5 ×
108 erg s−1 cm−2, is neglected in this work.
The temperature gradient at the surface, ∂T
∂r in the last term
of Eqn. 5 is given by the one dimensional equation for heat
conduction along a direction r that is normal to the surface:
ρCP
∂T
∂t
=
∂
∂r
(
κT
∂T
∂r
)
(6)
where ρ is the mass density, taken as 0.92 g cm−3, and the spe-
cific heat at constant pressure, Cp, is 1.96 × 107 erg g−1 K−1
(Vance and Goodman, 2009). Eq. 6 is solved with the aid of a
thermal routine using the slab boundary method (Spencer et al.
(1989); Young (2017)). Forcing of solar insolation over a sy-
nodic day in late Feb. 2015 is determined in 2◦ increments of
θ and φ using the 309.bsp kernel provided by JPL. While
this approach simplifies the variation of thermophysical para-
meters over the surface (Rathbun et al., 2010), it provides a
basis for longitudinal asymmetries about the subsolar axis that
result from the thermal inertia of the ice.
In Figure 2(a) we show the evolution of Europa’s equatorial
surface ice temperature along its orbit in panel A, where we in-
clude the effect of Jupiter’s shadow. The Figure 2(a) inlet is a
zoom of the eclipse region where Europa’s temperature drops
by ∼ 30 K before rising to ∼ 110K at the brighter, leading he-
misphere. Figure 2(b) is the corresponding temperature map of
the darker, trailing hemisphere mapped in west longitude. As is
true for most planetary bodies, on average, the largest thermal
gradient is between noon and midnight, or day and night, as
indicated in Fig. 2(b) with a slight increase in surface tempera-
ture, ∆T ∼ 10 K , at dusk over dawn due to the thermal inertia
of the ice. The surface temperature inhomogeneities due to ther-
mal inertia, as we will explore below, contribute only ∼ 10 % to
the observed dusk-over-dawn asymmetry.
3. Results
Here we present two results of our 3-D simulations of Eu-
ropa’s water product exosphere. One in which Europa was held
static, and one where Europa was able to rotate about Jupiter’s
axis. In this work we focus on understanding the behavior of
the primary atmospheric constituent: the near surface O2.
3.1. Atmospheric Bulges
3.1.1. No Rotation: Atmospheric O2 Bulge at Noon
A trailing hemisphere O2 source at Europa may be expec-
ted to have a large ’atmospheric bulge’ at plasma ram, where
the near-surface column density is larger than the background
exosphere. As O2 is thought to weakly interact with the water
ice, the O2 migrates stochastically due to the day-night tempe-
rature gradient. The gray vectors in our simulation depicted in
Figure 3, demonstrate this migration. If migration were rapid, a
night-side bulge would be expected like the Helium bulges on
the Moon and Mercury (Leblanc and Chaufray, 2011). Howe-
ver, migration is slow compared to the O2 lifetime (c.f. Table 1)
such that no asymmetry other than sputtering remains.
In a collisionless exosphere, ejected molecules return to the
surface where they stick or are re-emitted with an energy deter-
mined by the local, surface ice temperature. On interacting with
the surface, the fate of a molecule is sensitive to the surface re-
sidence time: τres = τ0 exp(
Eads
kbT0
) where Eads is the effective
heat of adsorption. Initially for molecular oxygen, we assume
the heat of adsorption is negligible and the surface residence
time is extremely short, on the order of the vibration time for
a Van der Waals potential (τ0 ∼ 10−13s) so that O2 has a ne-
gligible sticking coefficient. The effect of O2 sticking due to a
longer residence time will be examined in section 4. Thus one
can treat O2 motion as a series of random walks. Hunten et al.
(1988) for example, defines λ0 =
U0
kbT0
, the ratio of gravitational
binding energy, U0 =
GMpmi
rp
to the thermal energy kbT0 at the
surface, approximately equal to the ratio of planetary radius rp
to the scale height, H(T0), so that λ0 ∼ rpH . λ0, is roughly equi-
valent to the number of ballistic hops a molecule experiences
in traveling an average distance rp yielding a diffusion times-
cale: td ∼ r2p/D, where D is the effective diffusion coefficient.
As approximated in Hunten et al. (1988), D ∼ H2thop , so that the
migration time for traveling a distance rp at the surface is:
td ∼ λ2thop (7)
In Table 1, we estimate several timescales scaled to Euro-
pa’s orbital period τorb, critical to the evolution of the near-
surface O2 in the static and rotating cases (3.1.2). Under a uni-
form gravitational potential, the ballistic hop time for an O2
molecule is on the order of a few minutes, far shorter than the
O2 lifetime. Table 1 also indicates that the O2 lifetime, τO2,
limited by the O2 production and loss rates is comparable to
the orbital period, yielding an average exospheric column of
〈N〉O2 ∼ 1014O2 cm−2. Thus the exosphere, based on our as-
sumptions, should be actively built and destroyed within one
orbital timescale. Lastly, it is seen that the timescale for the
day-to-night flow td, is not only about four times longer than
the O2 lifetime in the static case, but also four times as long as
the orbital period, in the rotating case. In this way, the net sprea-
ding of the O2 source is on average slower than Europa’s orbi-
tal speed so we can, to first order, consider the O2 as coupled
to the rotating surface. We will demonstrate that this coupling
is the principal mechanism for the time-dependent atmospheric
O2 bulge.
3.1.2. Rotating Case: Atmospheric O2 Bulge at Dusk.
Once rotation is activated and the O2 column density is trac-
ked throughout the orbit, we simulate an atmospheric bulge per-
sisting throughout Europa’s orbit. What is fascinating about this
bulge, representing more than 10 % of the bulk O2 column den-
sity, is it exhibits a diurnal dependence peaking consistently
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(a) a (b) b
Figura 2: a: Equatorial subsolar surface temperature (K) as a function of sub-observer longitude, or Europa’s orbital longitude, demonstrating the leading-trailing
temperature profile asymmetry due to albedo. The darker, trailing hemisphere (Ab = 0.45) is seen to be ∼ 18 K warmer than the brighter, leading hemisphere (Ab
= 0.65). b: Surface temperature map of Europa’s sunlit trailing hemisphere at φobs = 270◦. The surface temperature rapidly increases from dawn, φobs = 90 until
the subsolar point at φobs = 0. The surface then begins to cool slightly more slowly, passing through dusk at 18h Europa local time. The largest thermal gradients
driving migration are therefore between 6h - 12h, and 12h-18h. Due to the thermal inertia of the ice, the dusk hemisphere is warmer than the dawn hemisphere.
5
Figura 3: Europa’s static, O2 exosphere for a simulation fixed at the sunlit trailing hemisphere with no rotation. Vectors are shown to demonstrate the day-night
migration in the absence of rotation. An artificial day-side O2 asymmetry is highlighted, due to preferential ion bombardment at the sunlit trailing hemisphere in the
absence of rotation. The low albedo, sunlit trailing hemisphere has an equilibrium temperature of Td ∼ 135K, further exaggerating the effect of O2 production on
the exosphere due to the strong thermal dependence of the O2 sputtering yield.
at dusk. A diurnal dependence is of course linked to the solar
cycle, which in our model only influences the surface ice tem-
perature (Sec. 2.1). As described in Sec. 2.2, the O2 production
is strongly dependent on the ice temperature. In this way, one
can gain an intuitive understanding of an atmospheric bulge at
dusk, by reexamining the timescales in Table 1 alone. Given
that thop  τorb the O2 is effectively coupled to the rotating
surface and the near-surface O2 can be expected to follow the
diurnal temperature variations in Fig. 2(b), and one can simply
consider the atmospheric lifetime of an O2 bulge over one Eu-
ropa day. For instance, the nominal atmospheric bulge at the
sunlit trailing hemisphere noon (Fig. 3), will be able to survive
for at least τorb/4 in the direction of rotation towards the dusk
hemisphere. This 90◦ shift from noon was derived analytically
for a tidally-locked satellite atmosphere in Oza et al. (2018). It
was shown that the balance between the satellite’s atmospheric
lifetime and orbital period over the orbit can be expressed as
a parameter β = 2pi τO2
τorb
. The rotational shift of an atmospheric
column peaking at noon for a thermally-desorbed collisionless
exosphere then, can be estimated as: ∆φ ∼ tan−1(β). Based on
the modeled production and loss timescales, for Europa and for
Ganymede (Leblanc et al. 2017), the O2 lifetime approaches
one orbital period, so that β ∼ 2pi, yielding ∆φ ∼ pi2 . The 90◦
longitudinal shift is responsible for a maximum column at dusk
and minimum column at dawn, yielding the dusk-over-dawn at-
mospheric asymmetry. A dusk-over-dawn asymmetry is not ex-
pected if β  1 due to far slower O2 loss for example, at Rhea
and Dione Teolis and Waite (2016). On the other hand, if β  1,
the O2 bulge would be lost too quickly, before it has time to ac-
cumulate towards dusk.
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Timescale (τorb)
Orbital Period τorb 1.0
Ballistic O2 hop thop 8 · 10−4
Day-night migration td 4.2
O2 lifetime∗ τO2 1.08
Tabla 1: Exospheric timescales for Europa. Given τorb = 3 · 105 sec. The average hop time for an O2 molecule is computed using an average surface temperature
of 〈T 〉 ∼ 110K, as √2 v0g . The ballistic hop ,thop, assumes no interaction with the surface. The day-night migration time is estimated as a random-walk process
across one Europa radius assuming no O2 trapping or reactions with the surface ice. The O2 lifetime,τO2, is limited by dissociation and ionization, computed by the
product of the net reaction rate coefficient and the electron number density: (κ × ne)−1, where κ = 4,4 · 10−8 cm3 s−1 is the orbit-integrated reaction rate coefficient
including e- impact as well as ionization, and ne = 70 cm−3 the electron number density.
We illustrate this apparent surface-exosphere synergy occu-
rring throughout the orbit by using two sets of simulated 2-D
spatial morphology maps in Figure 4. The center image indi-
cates the orbital longitudes of the seven simulated orbital po-
sitions. The inner and outer maps represent the orbital synergy
between the O2 surface and O2 exosphere varying with rotation.
The inner circle, maps the O2 source flux at the surface: radioly-
tically sputtered ejecta in cm−2 s−1 , and the outer circle maps
the O2 exosphere: vertical column density in cm2 . On the outer
maps, consistent with the inner maps, we have indicated dusk,
dawn, and the subsolar position (X), along with the plasma lea-
ding (L) and trailing (T) hemispheres. The outer maps indicate
O2 bulges consistently accumulating near the dusk terminator.
The inner maps illustrate that the O2 source is also concentra-
ted as bulges, suggesting that the atmospheric morphology is
shaped by the surface ejecta.
3.2. Orbital Evolution of Europa’s O2 Europa’s Diurnal Cy-
cle
Ultimately, since our modeled trailing hemisphere O2 sour-
ce exhibits a thermal dependence, the surface-exosphere syner-
gies can be examined qualitatively based on Europa’s day &
night phases illustrated in Figure 5(a) (red vector: trailing he-
misphere). Our Monte Carlo simulations in Figure 5(b) show
that the day & night phases for the trailing hemisphere co-
rrespond to two different orbital phases: a globally increasing
O2 exosphere during the ”Trailing Day”(between 180 and 360◦
longitude, shaded in red) and a globally diminishing O2 exosp-
here during the ”Trailing Night”(shaded in gray). Altogether,
Figures 5(a) & 5(b) illustrate Europa’s diurnal O2 cycle, for a
thermally-dependent, trailing hemisphere O2 source. Unlike the
static, non-rotating case simulated in Section 3.1.1 and previous
works, this diurnal cycle is found to peak at dusk due to atmosp-
heric O2 accumulation over time.
Second order effects, such as O2 migration or thermal ef-
fects during eclipse, treated in our simulations, may contribu-
te to angular deviations from a 90◦ longitudinal offset derived
analytically for a highly thermal-dependent O2 source. In our si-
mulations, the O2 bulges are vastly more apparent post-eclipse,
near the sunlit leading hemisphere phases (i.e. 90◦ & 150◦) du-
ring which the bulk O2 is being lost as described in figures 5(b)
& 5(a).
Overall, the 2-D maps of Fig. 4 reveal that the local O2
column densities vary substantially, by more than an order of
magnitude ∼ 90 %, due to the thermally-dependent O2 source
fluxes also responsible for the shape of the atmospheric dusk
bulges. These simulated maps provide a first attempt at a de-
tailed picture of how Europa’s rotating O2 exosphere could be
evolving throughout its orbit in latitude and longitude, due to
the diurnal O2 production likely responsible for the observed
dusk-over-dawn oxygen asymmetries.
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Dawn Dusk
Dawn Dusk
Dawn Dusk
DuskDawn
Dusk Dawn
DawnDusk Dusk Dawn
270°
340°
0°
20°
90°
150° 210°
Figura 4: Formation map of Europa’s O2 exosphere, illustrating surface-exosphere coupling of the near-surface O2. φ = 0 degrees west longitude corresponds
to the subjovian point (SJ), where positive longitudes correspond to the trailing hemisphere (T) and negative longitudes, leading (L). At φobs = 180◦ we provide
a high-resolution map of Europa’s surface, for comparison to the near-surface exosphere, taken by Voyager and Galileo as adopted in (Doggett et al., 2009). On
each simulation map, the subsolar point is indicated by a white X, whereas the dawn and dusk terminators are indicated by the vertical dashed lines. Inner circle
surface maps: Exospheric production as shown by the ejection rate of the O2 sputtered from the surface with respect to latitude and west longitude at different
orbital positions of Europa. The sputtering flux ranges from 2 (blue) - 12 (red) ·108 O2 cm−2 s−1 (right panel colorbar). Sub-observer longitudes(φobs), or phase
angles are provided inside the orbit. Outer circle exosphere maps: Log10 of the radially integrated column density of the O2 exosphere with respect to latitude and
west longitude at different orbital positions of Europa. The radial column density ranges from ∼ 1 − 30 · 1013 O2 cm−2 (left panel colorbar). Whereas the average
radially integrated column density of the O2 exosphere ranges from 7,4 − 8,1 · 1013 O2 cm−2. The reader is encouraged to refer to the web-version of this article
for a more enhanced view of the smaller plots.
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(a) (b)
Figura 5: a: Illustration of Europa’s diurnal O2 cycle for our modeled thermally-dependent trailing hemisphere source. Day-night phases are superimposed in the
frame of an observer at the trailing hemisphere. During ’Trailing Day’, the exosphere grows on average (〈 NO2 〉 production phase). During ’Trailing Night’, the O2
exosphere slowly diminishes on average (〈 NO2 〉 loss phase). The production and loss phases corresponding to the diurnal asymmetry therefore results in the orbital
evolution of Europa’s O2 throughout its 85-hour day. b: Monte Carlo simulation results for Europa’s trailing hemisphere while rotation about Jupiter is active.
Orbital evolution of the surface-averaged O2 column density (black) along with the surface-averaged O2 production flux ( 〈 fe j〉: blue) as well as the average O2 loss
flux (〈 floss〉: magenta) versus the sub-observer longitude. 〈 floss〉 estimates the loss of the average O2 content, throughout the exospheric lifetime of the O2, at each
sub-observer longitude: 〈NO2 〉 ∼ 〈 floss〉〈texo〉. X indicates the day-night terminator separating the average production and loss phases.
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4. Discussion
Observations of Europa’s O2 exosphere over the decades
have been limited, in that the only evidence of gas phase O2
has been based on ratios of the far-ultraviolet atomic oxygen
emission lines first observed by the Hubble Space Telescope
(HST) as aurorae (Hall et al., 1995; Hall et al., 1998). The ra-
tio of the auroral line intensities I1356I1304 ∼ 2 is suggestive of e−
impact dissociation of O2: O2 + e− → O∗ + O + e− + ∆E. The
line-of-sight O2 column density then can be derived based on
the electron density ne [cm−3]and electron-impact dissociation
reaction rates κ [cm3/s] (e.g. Table 2 Turc et al. (2014)) from:
Iλ =
(
neκO2+e−
)
NO2 + (neκO+e−) NO. Remarkably, the first set of
HST observations confirmed the predicted O2 column density
within a factor of two, based on sputtering experiments and at-
mospheric escape estimates (Brown et al., 1982; Johnson et al.,
1982). Based on a re-analysis of Voyager, Galileo, and Cassi-
ni data Bagenal et al. (2015) demonstrated that one can expect
the O2 to vary by at least a factor of two. Nevertheless, our
knowledge on the near-surface plasma conditions influencing
the derived column densities is still severely limited—a point
recently reviewed in detail by (Plainaki et al., 2018) along with
previous models of Europa’s asymmetric O2 exosphere (Cas-
sidy et al. 2007; Plainaki et al. 2013). Indeed, Plainaki et al.
2013 did reproduce asymmetries in the exosphere by modeling
the uncertain temperature-dependence of O2, however without
rotation the model did not reproduce consistent dusk-over-dawn
asymmetries.
Despite the uncertainties Roth et al. (2016) (hereafter R16),
equipped with the upgraded Space Telescope Imaging Spectro-
graph (STIS) with a spatial resolution of 71-95 km, altered the
nominal paradigm of a globally-uniform exosphere. The STIS
observations were able to distinguish a two-component atmosp-
here in altitude z and oxygen mixing ratios: (1) near-surface
O2 exosphere (z . 400km; ≈ 95 %-99 % O2) and (2) corona
(z & 400 km; . 85 % O2). Previous observations did howe-
ver provide evidence of asymmetric oxygen emission at various
longitudes, φ = 200 − 250◦ (McGrath et al. (2004, 2009)) and
φ ∼ 90◦ (Saur et al., 2011) influenced by various external me-
chanisms such as the plasma. R16 assessed the influence of Ju-
piter’s plasma torus on the oxygen aurorae, and found that the
polar aurorae are periodically more intense depending on the
magnetic tilt. Monitoring Europa’s oxygen aurorae at such high
spatial resolutions throughout the orbit additionally discerned a
longitudinal, diurnal asymmetry of unknown origin. The dusk
hemisphere was observed to be consistently brighter on average
than the dawn hemisphere by a factor of ∼ two.
In order to better understand the bulk physical processes
regulating the dusk-over-dawn asymmetry we compare hemisp-
herically averaged, dusk-over-dawn ratios for HST observations
(black circles) with several EGM simulations assuming isotro-
pic plasma conditions for a range of O2 adsorption conditions
(squares, triangles, Xs) in Figure 6. The HST data is confined to
the near-surface O2 region, and independent of photo-excitation
as we uniquely evaluate the forbidden line ratios at 1356 Å.
All simulated data in the shaded region, correspond to a dusk-
over-dawn asymmetry, whereas points in the unshaded region
represent a dawn enhancement. In our simulated O2 case with
the least assumptions (no surface interactions; black squares)
the dusk hemisphere is brighter than the dawn hemisphere th-
roughout the entire orbit, in the same manner as the HST oxy-
gen observations. Upon varying the initial conditions for our
EGM simulations, our results appear to imply that the dusk-
over-dawn asymmetry is thermal. That is, the surface tempera-
ture regulates the O2 production and the adsorption probability
which when varied, strongly influence the diurnal asymmetry.
The open squares are identical to the former, nominal case, ex-
cept that a low temperature-dependence is applied to the O2
yield (qO2’ =
qO2
10 in Eqn. 2). The reduced thermal dependence
is seen to considerably reduce the dusk-over-dawn asymmetry.
Conversely, increasing the O2 thermal dependence was found
to increase the dusk-over-dawn asymmetry in the 1-D atmosp-
heric evolution model by Oza et al. (2018). Including the ther-
mal inertia of Europa’s ice on the other hand only increased
the asymmetry by < 7 %. Furthermore, simply turning on the
non-inertial forces in our model (i.e. Coriolis, centripetal) wit-
hout accounting for Europa’s rotation about Jupiter resulted in
no dusk-over-dawn asymmetry. The result is shown in Figure
7(b).
Next, we evaluate how the dusk-over-dawn asymmetry va-
ries with a variable heat of adsorption for O2.
4.1. O2 Adsorption on Grains in the Water Ice Regolith
As discussed in Section 3.1.1, O2 on Europa’s ∼ 100K sur-
face is thought to undergo a series of unimpeded ballistic hops
due to its low sublimation temperature of ∼ 54K. Recently, on
the far colder Rhea and Dione, evidence of atmospheric evolu-
tion due to O2 adsorption was discussed by Teolis and Waite
(2016). In this regard, we simulate two additional cases whe-
re we alter the surface heat of adsorption for the returning O2:
Eads = 0,26eV (Xs) and Eads(L) , Eads(T ) (triangles).
The large heat of adsorption case (X) results in stronger in-
teractions with the regolith (i.e. H2O molecules freezing), and
in effect longer residence and migration times, which is seen
to significantly reduce the dusk-over-dawn asymmetry. The at-
mospheric bulges described in section 3 then, will not have time
to rotate to dusk as the longer timescales will permit destruction
near the production region. Lastly, we consider a case where
the heat of adsorption is non-uniform between the leading and
trailing hemispheres (triangles). To test this effect globally we
model the heat of adsorption with a simple cos2 function with
latitude (θ) and planetary longitude (φ′ ):
Eads(φ′, θ) = E1cos2
(
(φ′ − φ′0)
2
)
cos2(θ − pi/2) + E0 (8)
Equation 8 is a simple surface adsorption relation modeled
in the EphiO frame where φ′0 = 0 treats Eads as preferential ad-
sorption on the leading hemisphere and φ′0 = pi as preferential
adsorption on the trailing hemisphere. In Fig. 6 the triangles
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Figura 6: Orbital evolution of the dusk-over-dawn ratio, < R >. Black circles with error bars: HST near-surface 1356 Å auroral emission data. The average oxygen
emission from the dusk hemisphere is divided by the average dawn hemisphere emission. EGM simulations of < R > for an exosphere subject to isotropic plasma
conditions, ne = 70 cm−3 and Te = 20 eV, are shown for non-adsorbing O2 (black squares), non-adsorbing with a small thermal dependence (open squares), highly
adsorbing O2 ”sticking”to the surface (Xs), and a non-uniform adsorption (triangles).
present a simulation where E1 = 0,04eV , E0 = 0,2eV , and
φ′0 = 0. It can be seen that the non-uniform heats of adsor-
ption also reduce the dusk-over-dawn asymmetry, and additio-
nally mitigate the orbital asymmetries near the leading hemisp-
here phases. This could imply that the simulated region between
90◦ < φobs < 150◦ possesses stronger O2 interactions with the
regolith. Conversely, the trailing hemisphere could also adsorb
more efficiently since the column of O2 driven towards leading
hemisphere phases is due to the ejection roughly half of a rota-
tion earlier. Thus we are currently unable to deduce whether the
O2 adsorbs more efficiently at the leading or trailing surfaces.
The transient O2 adsorption simulated here may describe
the trapped O2 observed at 5771 Åas a condensed frost (Spen-
cer and Calvin (2002) ; Spencer & Grundy 2017). That is, the
O2 could be trapped in bubbles before it is radiolytically ejec-
ted, should the temperature be sufficiently high to allow for va-
cancies produced by diffusion of the incoming ion (Johnson and
Jesser, 1997). Recently, Johnson et al. 2018 (submitted) revie-
wed the origin and fate of the trapped O2 in ice. It was suggested
that the observed O2 was trapped at dangling hydrogen bonds,
from where it is thermally released.
5. Conclusion/Summary
Allowing Europa to rotate about Jupiter in our 3-D Mon-
te Carlo simulations of Europa’s water product exosphere, re-
sults in a dusk-over-dawn O2 asymmetry at all orbital phases.
The hemispherically-averaged asymmetry is roughly consistent
with the near-surface dusk-over-dawn oxygen emission recently
observed by HST. We suggest that the near-surface, dusk-over-
dawn O2 asymmetry is more generally part of Europa’s diurnal
cycle of O2, built and destroyed over one orbit. This O2 cycle
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(a) < R >= 0,99 (b) < R >= 6,55
Figura 7: Simulated line of sight column densities of Europa’s O2 without (a) and with (b) rotation at the sunlit leading hemisphere φobs = 90◦. Both simulations
include the non-inertial Coriolis and centripetal forces. The hemispherically averaged dusk-over-dawn column density ratio is indicated in the caption as < R >.
appears to depend strongly on the (1) O2 production (therefore
also the surface temperature), (2) O2 loss, and (3) Europa’s ro-
tation rate, all of which lead to a peak in column density at dusk.
The diurnal cycle described in this work, can be summari-
zed as follows :
1. Trailing Day: The trailing hemisphere source is illumina-
ted and rapidly builds an O2 column rotating with Euro-
pa’s surface, ejecting between ∼ 2,5 − 3,5 · 108 O2 cm−2
s−1 throughout the day.
After half of an orbit, the rotating O2 column has ac-
cumulated an atmospheric bulge of average density
〈N〉O2 & 8 · 1013 O2 cm−2 spread across a quarter of
a hemisphere from dusk, local time.
2. Trailing Night: The trailing hemisphere source enters night,
at which point the e−-impact dissociation begins to slowly
overwhelm the O2 production and acts to isotropically di-
minish the bulk O2 exosphere.
A similar dusk-over-dawn asymmetry is predicted at all sub-
observer longitudes in Ganymede’s near-surface O2 atmosphere
Leblanc et al. (2017). We note that these O2 bulges maintained
near dusk, hinge on the timescales of tidally-locked atmosphe-
res as described by Oza et al. (2018). The orbital timescale is
comparable to the average atmospheric lifetime of the radiolytic
O2, so that τorb ∼ τO2. In other words, the O2 exosphere survi-
ves long enough so that the O2 can accumulate towards dusk
during the day, given its simulated thermal dependence. If the
O2 exosphere survived for too long, for instance τorb  τO2, the
continued production would average out any asymmetries as the
O2 loss would be negligible over the orbit. If the O2 exosphere
was destroyed too quickly on the other hand, τorb  τO2, the
diurnal asymmetries would not have time to build an O2 bulge.
Overall, the comparable size of the satellite’s rotation rate and
the rate at which the near-surface O2 is being lost results in a
shift towards dusk. The relative sizes of the rotation rate and the
estimated loss rate at Europa and Ganymede, result in a perio-
dic O2 asymmetry, which can be probed in satellite local time.
While we have provided evidence for a dusk-over-dawn asym-
metry at Europa, a global understanding of Europa’s exosphere
is far from fulfilled. The O2 cycle depends on the O2 production
and loss: source rates may require a largely thermal source (e.g.
Oza et al. (2018), Johnson et al. 2018), and loss rates may need
to include plasma interactions (e.g. Dols et al. (2016); Lucchetti
et al. (2016)). A self-consistent exosphere model including the
plasma interaction is therefore sorely needed. A stronger un-
derstanding of the spatial morphologies of O2 exospheres will
be of particular interest for the spacecraft trajectories at the icy
Galilean satellites (i.e. NASA’s Europa Clipper; ESA’s JUICE).
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